Experiments were performed to determine whether this defect is specific for P. carinii organisms. The results showed that these macrophages were unable to phagocytose both P. carinii organisms and fluorescein isothiocyanate (FITC)-conjugated latex beads, indicating that alveolar macrophages from P. carinii-infected hosts have a general defect in phagocytosis. To determine whether this defect correlates with the recently discovered down-regulation of the GATA-2 transcription factor gene during P. carinii infection, alveolar macrophages from dexamethasone-suppressed or healthy rats were treated with anti-GATA-2 oligonucleotides and then assayed for phagocytosis. Aliquots of the alveolar macrophages were also treated with the sense oligonucleotides as the control. Cells treated with the antisense oligonucleotides were found to have a 46% reduction in phagocytosis of P. carinii organisms and a 65% reduction in phagocytosis of FITC-latex beads compared to those treated with the sense oligonucleotides. To determine whether the defect in phagocytosis in alveolar macrophages from P. carinii-infected hosts can be corrected by overexpression of GATA-2, a plasmid containing the rat GATA-2 gene in the sense orientation driven by the cytomegalovirus (CMV) promoter was introduced into alveolar macrophages from P. carinii-infected rats. Aliquots of the same cells transfected with a plasmid containing GATA-2 in the antisense orientation relative to the CMV promoter served as the control. Alveolar macrophages treated with the sense GATA-2 expression construct were found to increase their phagocytic activity by 66% in phagocytosis of P. carinii organisms and by 280% in phagocytosis of FITC-latex beads compared to those that received the antisense GATA-2 construct. The results of this study indicate that GATA-2 plays an important role in the regulation of phagocytosis in alveolar macrophages during P. carinii infection.
Pneumocystis carinii, recently renamed Pneumocystis jiroveci (38) for those organisms that infect humans, causes pneumonia in immunocompromised individuals. In AIDS patients, Pneumocystis pneumonia (PcP) accounts for much morbidity and mortality and is usually fatal if untreated (5) . Although the incidence of PcP has declined with the advent of highly active antiretroviral therapy (25) , PcP is still the most common opportunistic disease in AIDS patients (5) . Host responses to the organism have been studied but are still not completely understood. A defect in cellular immunity is important for pathogenesis, since most patients with PcP have an underlying disease linked to suppression of cellular immunity, i.e., AIDS, cancer, or malnutrition (26, 34, 36) . Also, immunosuppression with steroids, which suppresses the cellular immune system, predisposes humans and animals to PcP (34, 36) .
The importance of alveolar macrophages is shown by the demonstration that Pneumocystis organisms are not cleared in alveolar macrophage-depleted rats (21) . In addition, administration of granulocyte-macrophage colony-stimulating factor, which has been shown to activate alveolar macrophages during Pneumocystis infection (30) , decreases the severity of PcP (22) . Alveolar macrophages from normal animals can be activated by the whole organism or the major surface glycoprotein of Pneumocystis organisms. Activated alveolar macrophages release inflammatory mediators such as tumor necrosis factor alpha and the eicosanoid metabolites prostaglandin E2 and leukotriene B4 (4, 13, 14, 32) . This activation is enhanced by vitronectin or fibronectin, which accumulates in the lung during Pneumocystis infection (29) . Alveolar macrophages are thought to interact with Pneumocystis organisms through the macrophage mannose receptor or the ␤-glucan receptor (20, 37) .
Although alveolar macrophages from normal hosts are able to bind, phagocytose, and degrade Pneumocystis organisms (11, 21, 23) , alveolar macrophages from Pneumocystis-infected hosts appear to be defective in phagocytosis. Using a SCID mouse model, Chen et al. (6) demonstrated that phagocytosis of Pneumocystis organisms is not common. Phagocytosis of Pneumocystis organisms by macrophages is reduced in human immunodeficiency virus-positive patients with PcP, and the production of mannose receptors in alveolar macrophages from human immunodeficiency virus-positive patients with PcP is also found to be decreased (18) .
Recently, the expression of the transcription factor GATA-2 gene was found to be down-regulated during infection with P. carinii (rat-derived Pneumocystis organisms) in alveolar macrophages (39) . GATA-2 has been shown to play a crucial role in the development of hematopoietic cells (33, 40, 41) and in the regulation of a variety of genes (3, 15, 16) . In this study, experiments were performed to determine whether down-regulation of GATA-2 correlates with the defect in phagocytosis of alveolar macrophages from P. carinii-infected hosts.
MATERIALS AND METHODS
Animal model. Female Sprague-Dawley rats, 130 to 140 g in weight, were divided into three groups. The first group of rats were immunosuppressed with dexamethasone (Dex) at 1.8 mg/liter (0.36 mg/kg/day) in their drinking water; this group is referred to as Dex-suppressed rats. The second group of rats were P. carinii-infected rats; they were Dex suppressed and then infected with P. carinii. P. carinii infection in rats was achieved by transtracheal inoculation with 7.8 ϫ 10
6 P. carinii trophozoites as previously described (1) . The third group of rats were healthy rats, nonimmunosuppressed and noninfected.
Isolation of alveolar macrophages by BAL. Bronchoalveolar lavage (BAL) and quantitation of lavaged cells were performed as described previously (19) . To confirm that the lavaged cells were alveolar macrophages, the cells were cytospun onto a Superfrostϩ slide (Fisher, Pittsburgh, Pa.) and then reacted with a mouse monoclonal antibody against the rat macrophage activator antigen (RMA) (BD PharMingen, San Diego, Calif.). This antibody reacts with a 120-kDa cell surface antigen found on alveolar macrophages and a small subset of pulmonary dendritic cells in rats (43) . A 1:500 dilution of peroxidase-conjugated rabbit antimouse immunoglobulin G (Sigma Chemical Co., St. Louis, Mo.) was used as the secondary antibody. The bound antibody was visualized by reacting the cells with diaminobenzidine (DAB Liquid Substrate Dropper System; Sigma) for 2 min. The reaction signal was enhanced by addition of 0.03% (wt/vol) cobalt chloride to the diaminobenzidine solution according to the manufacturer's instructions.
Phagocytosis assay. Two different substrates, radiolabeled P. carinii trophozoites and fluorescent latex beads, were used for the phagocytosis assay. Alveolar macrophages were incubated in suspension in complete medium at 37°C in a 5% CO 2 atmosphere for 18 h before the phagocytosis assay. Viability of the cells was assessed by trypan blue exclusion at the time of harvest and after the phagocytosis assay. The cells were suspended in fresh medium to a concentration of one million macrophages per ml based on the percentage of cells that are alveolar macrophages in various BAL fluids (Table 1) . Lymphoblasts were ignored, since they are not phagocytic and do not react with the macrophage-specific anti-RMA antibody.
P. carinii trophozoites were isolated from infected lungs as described previously (8) (21) . Unincorporated label was removed from P. carinii by washing the organisms repeatedly in 500 l of DMEM containing 1 mg of bovine serum albumin (BSA) per ml until an insignificant amount of radioactivity was detected in the wash.
To perform the phagocytosis assay, 5 ϫ 10 6 radiolabeled P. carinii trophozoites in 1 ml of DMEM containing 1 mg of BSA per ml were incubated with 1 ϫ 10 6 alveolar macrophages for 2 h at 37°C with 5% CO 2 . The alveolar macrophages were then pelleted at 400 ϫ g for 5 min. This low-speed centrifugation was employed so that damage to the alveolar macrophages that would release internalized organisms would be minimal. P. carinii organisms that were bound to macrophages but not internalized were detached by incubating the cells with 1 ml of DMEM containing trypsin (2 g/ml in 0.2 mg of EDTA per ml) for 15 min on ice. The alveolar macrophages in the trypsin reaction mixture were pelleted at 400 ϫ g for 5 min, leaving P. carinii organisms in the supernatant. The cells in the pellet were resuspended and washed repeatedly with DMEM containing 1 mg of BSA per ml until an insignificant amount of radioactivity was detected in the wash. Radioactivity in the cell pellet after the wash represented P. carinii organisms that were phagocytosed by alveolar macrophages. Counts were converted to organism number by dividing the counts from the phagocytosed organisms by the average counts per organism. The average counts per P. carinii organism were the total number of counts in a control reaction divided by the total number (5 ϫ 10 6 ) of P. carinii organisms added and were 1.3 Ϯ 0.2 counts per organism. The background counts, averaging 92 Ϯ 14 counts per assay, were subtracted from all results. All phagocytosis assays were performed in triplicate with three different sets of rats. Each set consisted at least three rats.
To perform the phagocytosis assay with fluorescent latex beads, 50 million fluorescein isothiocyanate (FITC)-conjugated, 1-m-diameter, carboxylated latex beads (Sigma) were added to 1-ml aliquots of macrophages (10 6 /ml) and incubated at 37°C with 5% CO 2 for 2 h with gentle agitation every 10 min. The sample was then centrifuged through 3 ml of fetal bovine serum at 300 ϫ g for 5 min at 25°C to remove any beads that were not phagocytosed. Approximately 50,000 cells were placed on a Superfrostϩ slide (Fisher) by cytospinning (Cytospin II; Shandon, Pittsburgh, Pa.) at 750 rpm for 5 min at 25°C, stained with Giemsa stain, and examined under a fluorescence microscope (BH-2; Olympus, Tokyo, Japan) at a magnification of ϫ400. Duplicate slides of each group of macrophage samples were reacted with the anti-RMA antibody to determine the numbers of alveolar macrophages that were retained through the incubations and centrifugations of the assay mixture.
A count was generated by counting at least 300 random macrophages from at least 50 random fields. Macrophages containing beads as well as those not containing beads were used to obtain an average number of FITC-latex beads per macrophage. No FITC-latex beads were found on the slides in areas where there were no cells, indicating that centrifugation through 3 ml of fetal bovine serum adequately removed unphagocytosed latex beads. The cells were also examined with an LSM 510 confocal imaging system (Carl Zeiss Inc., Jena, Germany) and an Axiovert 100 M inverted microscope (Carl Zeiss Inc.) after 45 min of counterstaining with 5 mol of Cell Tracker Orange (Molecular Probes, Eugene, Oreg.) per liter to determine whether beads were intracellularly located.
Cloning of the coding region of the rat GATA-2 gene. Total RNA was isolated from the lungs of Sprague-Dawley rats by the method of Chomczynski and Sacchi (9) . Reverse transcription was then performed to convert mRNA to cDNA by using an oligo(dT) primer. The cDNA thus generated was used as the template for PCR with GATA-2 primers (forward, 5Ј-ATGGAGGTGGCGCCTGAGCA G-3Ј [nucleotides 155 to 175 of mouse GATA-2 cDNA; GenBank accession no. NM 008090]; reverse, 5Ј-CTAGCCCATGGCAGTCACCATG-3Ј [nucleotides 1576 to 1597 of the same sequence]) to amplify the entire coding region of the GATA-2 gene. The PCR conditions were denaturation at 94°C for 30 s, annealing at 62°C for 30 s, and extension at 72°C for 2 min for 40 cycles. The PCR product was electrophoresed on 1% agarose, purified by elution with QIAEX II resin (Qiagen, Valencia, Calif.), and cloned into the TOPO TA vector (Invitrogen, Carlsbad, Calif.). The sequence and the orientation of the cloned fragment were determined by DNA sequencing.
Treatment of alveolar macrophages with GATA-2 antisense or sense oligonucleotides. The nucleotide sequence of the GATA-2 gene was analyzed with the RNAdraw software package (24) to identify regions of the transcript where the secondary structure would allow hybridization of the transcript with the antisense oligonucleotide. The sequence located from nucleotide 628 to 645 (473 bp downstream from the initiation codon) of the mouse GATA-2 cDNA (GenBank accession no. NM 008090) was chosen. Both sense (5Ј-GCTGCAGTGGGGGT GAGG-3Ј) and antisense (5Ј-CCTCACCCCCACTGCAGC-3Ј) oligonucleotides were synthesized (Synthetic Genetics, San Diego, Calif.), using phosphorothioated deoxynucleoside triphosphates. The sense oligonucleotide was used as a control in each transfection experiment. The oligonucleotides were delivered to the cells complexed with the cationic lipid formulation Superfect (Qiagen). Fifteen micrograms of oligonucleotide was complexed with 30 g of cationic lipid in a tube for 10 min at room temperature and then added to a 1-ml aliquot containing 10 6 alveolar macrophages. The cells were incubated with sense or antisense oligonucleotides for 6 h at 37°C with 5%CO 2 and then treated with gamma interferon for 2 h and with lipopolysaccharide for 30 min prior to phagocytosis assay. An aliquot of alveolar macrophages was incubated with cationic lipid alone to control for any effects that this reagent may have on phagocytic ability.
Detection of GATA-2 protein by Western blotting. Alveolar macrophages were lysed in 200 l of lysis buffer (50 mM Tris-HCl [pH 8.0], 150 mM NaCl, 4 mM EDTA, 10 mM dithiothreitol, 1% Triton X-100, 10 g of chymostatin per ml, 10 g of leupeptin per ml, 10 g of aprotinin per ml, 10 g of pepstatin per ml, and 0.5 mM phenylmethylsulfonyl fluoride). The DNA was sheared by pulling the mixture through an 18-gauge needle twice, and the insoluble materials were pelleted by centrifugation at 14,000 ϫ g for 2 min. The protein concentration in the supernatant was determined with the Coomassie Plus Protein Reagent (Pierce, Rockford, Ill.). Approximately 10 g of the protein was electrophoresed Tween 20) supplemented with 5% nonfat dry milk for 1 h at 25°C. The blot was washed four times for a total of 30 min in TBST and then incubated with a 1:500 dilution (in TBS with 5% nonfat dry milk) of anti-mouse immunoglobulin G conjugated to horseradish peroxidase for 45 min at 25°C. After washing in TBST four times for a total of 30 min, the bands that reacted with the anti-GATA-2 or anti-GAPDH antibody were visualized by incubation for 2 min with equal parts of reagent A and reagent B of the ECL kit (Amersham). The excess luminescence reagent was rinsed off with water, and the blot was exposed to X-ray film for 30 s. Statistics. Determinations of significant statistical difference were made by using the one-way analysis of variance method for multiple samples in the SigmaStat software package (Jandel Scientific, San Rafael, Calif.).
Nucleotide sequence accession number. The nucleotide sequence of the coding region of the rat GATA-2 gene has been deposited in GenBank (accession number AF345897).
RESULTS
Isolation of alveolar macrophages. Cells were harvested from BAL fluids and reacted with the anti-RMA antibody to identify alveolar macrophages. Cells that reacted with the anti-RMA antibody showed a punctate blue or black precipitate on the cell membrane and were 20 to 25 m in diameter with a large U-shaped nucleus and a distinct nucleolus, irregular and shaggy cell margins, and visible granules within the cytoplasm. These morphological properties are characteristic of macrophages. Cells that did not react with the anti-RMA antibody were easily identified as erythrocytes, lymphocytes, or polymorphonuclear cells. The results showed that virtually all of the nucleated cells in the BAL fluid from normal rats were alveolar macrophages (Table 1) . A similar percentage of alveolar macrophages was seen in the BAL fluid from Dex-suppressed rats, but alveolar macrophages were only 40% of the total cell number in the BAL fluid from P. carinii-infected rats. Anti-RMA antibody reacted with cells cytospun on slides after the phagocytosis assays revealed that the great majority of cells retained through the incubations and centrifugations of the assay were alveolar macrophages (Table 1) . Trypan blue exclusion showed that 96% of the lavage cells were viable. Percentages of alveolar macrophages in BAL fluid as determined by anti-RMA reactivity were used to ensure that equal numbers of alveolar macrophages were included in all phagocytosis assays. Nonphagocytic cells were not removed from the incubations, since they did not engulf P. carinii or latex beads and did not affect the results of phagocytosis assays.
Phagocytosis assay with labeled P. carinii and FITC-labeled beads. A phagocytosis assay was performed to evaluate the phagocytic activity of alveolar macrophages from P. cariniiinfected rats. Alveolar macrophages (1 ϫ 10 6 ) isolated from BAL fluids of noninfected or P. carinii-infected rats were incubated with radiolabeled P. carinii trophozoites (4 ϫ 10 6 ) in 1 ml of DMEM containing 1 mg of BSA per ml for 4 h at 37°C with 5% CO 2 . Alveolar macrophages were then pelleted, and the radioactivity in the pelleted cells was counted. After deduction of the counts derived from P. carinii that were nonspecifically bound to alveolar macrophages and those that were nonspecifically released from labeled organisms, the alveolar macrophage samples (1 ϫ 10 6 cells each) from P. carinii-infected rats were found to phagocytose (1.1 Ϯ 0.1) ϫ 10 6 labeled P. carinii trophozoites (Fig. 1) . In contrast, the same number of alveolar macrophages from Dex-suppressed rats phagocytosed (3.0 Ϯ 0.2) ϫ 10 6 labeled P. carinii trophozoites (Fig. 1 ). This result indicates that alveolar macrophages from P. carinii-infected rats phagocytosed 65% fewer labeled P. carinii organisms (P Ͻ 0.05) than those from Dex-suppressed rats. Alveolar macrophages from normal rats phagocytosed a similar number of labeled P. carinii trophozoites [(2.9 Ϯ 0.3) ϫ 10 6 ] as did those from Dex-suppressed rats ( Fig. 1 ), suggesting that Dex treatment did not affect the phagocytic activity of alveolar macrophages. These results indicate that alveolar macrophages from normal rats phagocytosed an average of 2.9 trophozoites per macrophage and those from Dexsuppressed rats phagocytosed an average of 3.0 trophozoites per macrophage but that alveolar macrophages from P. cariniiinfected rats phagocytosed only an average of 1.1 trophozoites per macrophage.
The results of the experiments described above demonstrated that alveolar macrophages from P. carinii-infected hosts have a reduced ability in phagocytosis of P. carinii, consistent with that reported by Chen et al. (6) . Since it was unknown whether this defect is specific for P. carinii or is a general defect in phagocytosis, experiments were performed to determine whether alveolar macrophages from P. carinii-in- fected rats could phagocytose FITC-latex beads. Alveolar macrophages were obtained from normal, Dex-suppressed, and P. carinii-infected rats. An average of 22 Ϯ 3 beads per macrophage were counted in the macrophage sample from the normal rats (Fig. 1) . The macrophage sample from the Dexsuppressed rats showed an average of 18 Ϯ 1 beads per macrophage, and the macrophage sample from the P. cariniiinfected rats had an average of only 1.0 Ϯ 0.2 beads per macrophage (a 95% reduction compared to the sample from Dex-suppressed rats; P Ͻ 0.05) (Fig. 1) . In addition to changes in the phagocytic activity of cells that were active in phagocytosis, there were similar changes in the percentage of cells that showed any phagocytic activity. Greater than 65% of alveolar macrophages from normal or Dex-suppressed rats phagocytosed beads, but only 8% of alveolar macrophages from P. carinii-infected rats phagocytosed beads (Fig. 1) . The results of this study indicate that alveolar macrophages from P. carinii-infected rats have a reduced ability to phagocytose and that the previously discovered inability of alveolar macrophages from P. carinii-infected animals to phagocytose is not specific for P. carinii but is a general defect in phagocytosis, since these alveolar macrophages are also defective in phagocytosis of FITC-latex beads.
Effect of GATA-2 antisense oligonucleotides on phagocytosis. To determine whether down-regulation of the GATA-2 gene correlates with decreased phagocytic activity of alveolar macrophages, alveolar macrophages from noninfected rats were treated with GATA-2-specific antisense oligonucleotides and then assayed for phagocytic activity by using radiolabeled P. carinii organisms and FITC-latex beads. The cells were also treated with sense GATA-2 oligonucleotides to serve as controls. As described above, normal alveolar macrophages phagocytosed an average of (2.9 Ϯ 0.3) ϫ 10 6 labeled P. carinii trophozoites (Fig. 2) . Treatment of these cells with the sense oligonucleotides did not affect their phagocytic activity; these alveolar macrophages phagocytosed an average of (3.0 Ϯ 0.4) ϫ 10 6 labeled P. carinii trophozoites (Fig. 2) . In contrast, the phagocytic activity was dramatically reduced when these cells were treated with GATA-2 antisense oligonucleotides. An average of only (1.7 Ϯ 0.1) ϫ 10 6 labeled P. carinii trophozoites were phagocytosed (Fig. 2) ; this is a 44% decrease (P Ͻ 0.05) in phagocytic activity. A decrease in phagocytic activity was also observed on alveolar macrophages from Dex-suppressed rats when they were treated with antisense oligonucleotides. Alveolar macrophages from Dex-suppressed rats phagocytosed (2.8 Ϯ 0.2) ϫ 10 6 labeled P. carinii trophozoites when they were treated with sense oligonucleotides but phagocytosed only (1.5 Ϯ 0.1) ϫ 10 6 labeled P. carinii trophozoites when they were treated with antisense oligonucleotides (Fig. 2) , a 46% decrease in phagocytic activity (P Ͻ 0.0001). Treatment of alveolar macrophages with either the sense or antisense oligonucleotides did not affect their viability, since the trypan blue exclusion assay showed no difference between cells incubated with phosphate-buffered saline (PBS) and those incubated with oligonucleotides.
The decrease in phagocytic activity by the GATA-2 antisense oligonucleotide was also demonstrated by using FITClatex beads as the substrate for the phagocytosis assay. The experiment was again performed in triplicate. Alveolar macrophages from normal rats phagocytosed an average of 16 Ϯ 1 beads per macrophage when they were treated with the sense GATA-2 oligonucleotide (Fig. 2) . This level of phagocytosis is not statistically different from that by untreated alveolar macrophages, which phagocytosed 22 Ϯ 3 beads per macrophage (Fig. 2) . Alveolar macrophages from normal rats phagocytosed an average of 4.3 Ϯ 0.3 beads when they were treated with GATA-2 antisense oligonucleotides, a 72% decrease in phagocytic activity compared to the same cells treated with sense GATA-2 oligonucleotides. Similar results were observed in samples from Dex-suppressed rats. Alveolar macrophages from Dex-suppressed rats phagocytosed 13 Ϯ 1 beads per macrophage when they were treated with sense oligonucleotides but phagocytosed only 4.7 Ϯ 1 beads per macrophage when they were treated with the antisense oligonucleotide. This is a 65% decrease in phagocytic activity caused by the antisense oligonucleotides (P Ͻ 0.0001).
In addition, cells treated with the antisense GATA-2 oligonucleotide had a 31% decrease in the number of cells that phagocytosed beads compared to those treated with the sense oligonucleotide (41 versus 72%) (Fig. 2) . The percentage of sense oligonucleotide-treated cells that phagocytosed beads was 68%. Only 44% of antisense oligonucleotide-treated cells phagocytosed beads (a 24% decrease) (Fig. 2) . Therefore, the decrease in GATA-2 transcription affected not only the activity of the alveolar macrophages but also the number of cells that showed phagocytic activity.
GATA-2 production in alveolar macrophages treated with antisense oligonucleotides. To ensure that GATA-2 antisense oligonucleotides decreased the production of the GATA-2 protein, alveolar macrophages treated with GATA-2 antisense oligonucleotides were examined by Western blotting with an anti-GATA-2 antibody. As an internal control, the same blot was reacted with an anti-GAPDH antibody. Alveolar macrophages were isolated from normal rats. An aliquot of 1 ϫ 10 6 alveolar macrophages was treated with 15 g of GATA-2 antisense oligonucleotides. In a separate reaction, a second aliquot of the same number of alveolar macrophages was treated with 15 g of sense oligonucleotides as a control. Alveolar macrophages treated with only PBS were also used as another control. After 6 h of incubation with sense or antisense oligonucleotides, Western blotting was performed. A 45-kDa protein band was observed in samples from cells treated with PBS or sense oligonucleotides, whereas this band was barely visible in the sample from cells treated with antisense oligonucleotides. In contrast, the GAPDH band was present at approximately equal intensities in all three samples (Fig. 3) . These results demonstrated that anti-GATA-2 antisense oligonucleotides did enter the cells and inhibited the production of the GATA-2 protein.
Complementation of GATA-2 in alveolar macrophages from P. carinii-infected rats. To determine whether the defect in phagocytosis can be corrected, a GATA-2 expression vector was introduced into alveolar macrophages from P. carinii-infected rats. In order to construct the GATA-2 expression vector, the complete coding region of the rat GATA-2 gene was first obtained by reverse transcription-PCR with GATA-2-specific primers. The PCR products were cloned into the TOPO TA cloning vector (Invitrogen). The sequence and the orientation of the cloned fragment were determined by DNA sequencing. The rat GATA-2-coding region was found to be 1,440 bp, encoding 480 amino acids. This sequence differed from that of the mouse GATA-2 gene by 60 nucleotides (Fig.  4 ) and 7 amino acids (Fig. 5) .
Both sense-and antisense-orientated TOPO TA GATA-2 clones were selected. The XhoI and HindIII DNA fragments containing the GATA-2 gene in the sense or antisense orientation were subcloned into the corresponding sites of pCEP4 (Invitrogen) so that the expression of the GATA-2 gene was driven by the cytomegalovirus (CMV) promoter. pCEP4 recombinant clones, pGATA2sense and pGATA2antisense, with the GATA-2 gene in the same or opposite orientation as the CMV promoter were further confirmed by DNA sequencing. These two GATA-2 constructs were then introduced into alveolar macrophages from P. carinii-infected rats by transfection using liposomes. Cells transfected with pGATA2antisense served as the negative control. The GATA-2 expression constructs pGATA2sense (15 g) were incubated with 25 g of Superfect cationic liposome (Qiagen) for 10 min at room temperature. Alveolar macrophages were incubated with this complex for 24 h and then assayed for phagocytosis.
Nontransfected alveolar macrophages from P. carinii-infected rats phagocytosed (1.1 Ϯ 0.1) ϫ 10 6 labeled P. carinii trophozoites. When these cells were transfected with the sense construct pGATA2sense, they phagocytosed (1.7 Ϯ 0.2) ϫ 10 6 labeled P. carinii trophozoites, a 68% increase (P Ͻ 0.05) in phagocytic activity (Fig. 6) . No significant increase in phagocytic activity was observed when the cells were transfected with the control plasmid pGATA2antisense. These cells phagocytosed (1.2 Ϯ 0.2) ϫ 10 6 labeled P. carinii trophozoites (Fig. 6) . Similar results were obtained in phagocytosis experiments (Fig. 6) . The same cells transfected with the sense GATA-2 expression construct pGATA2sense regained some phagocytic function, as noted by their increased uptake of FITC-latex beads (2.6 Ϯ 0.3 beads/cell) (Fig. 6 ). This 280% increase (P Ͻ 0.05 versus the antisense construct) indicates that GATA-2 plays an important role in the regulation of phagocytosis.
The number of alveolar macrophages that phagocytosed FITC beads was also increased by the introduction of the GATA-2 expression vector. Only 7.8% Ϯ 2.4% of cells from P. carinii-infected rats phagocytosed beads; this value was essentially unchanged in cells transfected with the GATA-2 antisense vector (9.8% Ϯ 1.8%) (Fig. 6) . In contrast, introduction of the GATA-2 overexpression vector pGATA2sense increased the number of alveolar macrophages that phagocytosed beads to 34% Ϯ 2.8% (Fig. 6) .
Determination of percentage of cells transfected. To determine the percentage of cells that were transfected and had taken up the GATA-2 expression construct, the uptake of a plasmid carrying a green fluorescent protein (GFP) gene was monitored in alveolar macrophages from Dex-suppressed and P. carinii-infected rats. Alveolar macrophages were lavaged from Dex-suppressed and P. carinii-infected rats. These alveolar macrophages were adjusted to 10 6 cells per well on a slide chamber in complete medium and then incubated for 24 h with 15 g of pTracer-EF vector (Invitrogen) complexed to 25 g of SuperFect cationic liposome (Qiagen). The pTracer-EF vector has a GFP-zeocin recombinant gene that is transcribed under the regulation of the CMV promoter. After washing in PBS, the wells were removed and the slides were dried and examined by fluorescence microscopy. The results of two trials indicate that approximately 29% of alveolar macrophages from 
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Dex-suppressed rats and 23% of those from P. carinii-infected rats took up the GFP construct. Increase in GATA-2 production in alveolar macrophages transfected with the GATA-2 overexpression vector. To ascertain that the transfected GATA-2 gene was expressed, pGATA2sense-and pGATA2antisense-transfected alveolar macrophages from P. carinii-infected rats were examined for the production of the GATA-2 protein by Western blotting. The procedures were similar to those used to examine the effect of GATA-2 antisense oligonucleotides on GATA-2 production. An aliquot of 10 6 alveolar macrophages from P. carinii-infected rats was transfected with pGATA2sense, pGATA2antisense, or the vector pCEP4. Twenty-four hours after transfection, the cells were lysed and examined by Western blotting with an anti-GATA-2 antibody. The same blot was also reacted with anti-GAPDH antibody as described above. As shown in Fig. 7 the 45-kDa GATA-2 protein was detected in the sample derived from cells transfected with pGATA2sense but not in that derived from cells transfected with pGATA2antisense or the vector pCEP4. Since all three samples exhibited GAPDH bands of the same intensity, the results indicate that cells transfected with pGATA2sense did produce the GATA-2 protein. The fact that cells transfected with pGATA2antisense or pCEP4 did not have a detectable 45-kDa GATA-2 protein indicates that the 45-kDa protein found in cells transfected with pGATA2sense was expressed from the GATA-2 expression vector pGATA2sense.
DISCUSSION
In this study, the defect in phagocytosis of P. carinii by alveolar macrophages from P. carinii-infected rats was examined. Alveolar macrophages from P. carinii-infected hosts were found to have a profound decrease in phagocytic activity compared to those from noninfected hosts. This defect is not specific for P. carinii organisms but is a general defect in phagocytosis, because alveolar macrophages from P. carinii-infected hosts were also defective in phagocytosis of FITC-latex beads (Fig. 1) . Since FITC-latex beads are commonly used to assay nonopsonized, scavenger receptor-mediated phagocytosis (17, 31) , these results suggest that in addition to the mannose receptor-mediated phagocytosis (18) , the scavenger receptormediated phagocytosis is also defective in alveolar macrophages from P. carinii-infected hosts.
Since the expression of the GATA-2 gene is severely downregulated during P. carinii infection (39), we hypothesized that the defect in phagocytosis was a result of GATA-2 downregulation. This hypothesis was proven in this study by showing that anti-GATA-2 oligonucleotides caused a decrease in the phagocytic activity of alveolar macrophages from both normal and Dex-suppressed rats (Fig. 2) . The effect of GATA-2 antisense oligonucleotides on GATA-2 production was confirmed by Western blotting with an anti-GATA-2 antibody. A decrease in GATA-2 production was observed in cells transfected with the antisense oligonucleotides but not in those transfected with the sense oligonucleotides (Fig. 3) . The hypothesis was further proven by the demonstration that overexpression of the GATA-2 gene in alveolar macrophages from P. carinii-infected hosts significantly restored their phagocytic activity (Fig. 6) . In this experiment, overexpression of GATA-2 in alveolar macrophages from P. carinii-infected rats was achieved by introducing a vector (pGATA2sense) containing the rat GATA-2 gene driven by the CMV immediate-early promoter into the cells, and a profound increase (280% increase with FITC-latex beads and 66% increase with labeled P. carinii) in the phagocytic activity of these cells was observed compared to those transfected with the control vector (pGATA2antisense) on which the GATA-2 gene is oriented in the opposite direction to the CMV promoter. GATA-2 appears to have a greater effect on the phagocytosis of FITC-latex beads than P. carinii organisms. This difference may be due to different receptors used to phagocytose these two substrates.
To determine the efficiency of the transfection method used in this study, we transfected pTracer containing the GFP gene into alveolar macrophages from P. carinii-infected cells and found that 23% of these cells took up pTracer. This result agrees well with the phagocytosis assay performed with FITClatex beads. In this experiment, a 23% increase in the number of alveolar macrophages from P. carinii-infected rats transfected with the GATA-2 expression vector that phagocytosed FITC-latex beads was observed (Fig. 6) . The transfection efficiency of alveolar macrophages from Dex-suppressed rats was slightly higher; 29% of these cells took up pTracer. The increase in GATA-2 production in alveolar macrophages from P. carinii-infected rats transfected with the GATA-2 expression vector was also confirmed by Western blotting with an anti-GATA-2 antibody. The GATA-2 protein was not detected in nontransfected cells or in cells transfected with the control vector (pGATA2antisense) but was detected in cells transfected with pGATA2sense.
These results imply that alveolar macrophages from P. carinii-infected hosts would become phagocytically active if the expression of the GATA-2 gene could be reactivated. GATA-2 also appears to affect the number of alveolar macrophages that are phagocytically active, since the percentage of cells that phagocytosed any FITC-latex beads was severely decreased both in alveolar macrophages from P. carinii-infected rats and in normal alveolar macrophages transfected with GATA-2 antisense oligonucleotide ( Fig. 1 and 2) . These results indicate that the loss of GATA-2 production not only reduces the phagocytic activity in many cells but also completely turns off the phagocytic activity in some cells. We also observed the opposite with GATA-2 overexpression in alveolar macrophages from P. carinii-infected rats. The phagocytic activity of some of these cells was increased, and some cells were transformed from completely phagocytically inactive to active due to GATA-2 overexpression. These results suggest that restoration of GATA-2 will increase the number of phagocytically active alveolar macrophages to clear the offending P. carinii. It has been shown that the expression of the GATA-2 gene can be induced by N(G)-monomethyl-L-arginine in Hep3B cells (40) , by trichostatin A in lung adenocarcinoma cells (10) , and by insulin-like growth factor-1 in skeletal muscle cells (27) . Whether these substances will induce GATA-2 expression in alveolar macrophages remains to be investigated. Gene therapy approaches may also be employed to supply GATA-2. A GATA-2 expression construct similar to the one used in this study may be used if means to deliver a construct specifically into alveolar macrophages can be developed. These approaches may become alternative therapeutic methods for Pneumocystis pneumonias.
GATA-2 is a zinc finger transcription factor of the GATA family (27) . It plays a crucial role in hematopoiesis (33, (40) (41) (42) , urogenital development (44) , and neurogenesis (2, 45) . However, it has been shown not to be involved in the differentiation of macrophages (7, 42) . The mechanisms by which GATA-2 regulates phagocytosis are completely unknown and are being investigated. Macrophages are often stimulated by gamma interferon, interleukin-1␤, tumor necrosis factor alpha, and interleukin-6 released by CD4 ϩ and/or NK cells (12, 28, 32, 35) . Since the number of CD4 ϩ cells in the Pneumocystis-infected host is greatly reduced, the effect of CD4 ϩ cells on phagocytosis of alveolar macrophages may be minimal. This may be a reason why alveolar macrophages from Pneumocystis-infected hosts are not active in phagocytosis.
We conclude from the results of this study that the defects in alveolar macrophages from P. carinii-infected hosts include more than one type of receptor-mediated phagocytosis. We also conclude that the transcription factor GATA-2 regulates phagocytosis via at least one type of receptor in alveolar macrophages. It is conceivable that multiple defects rendering them unable to phagocytose exist in alveolar macrophages from P. carinii-infected hosts. It is quite possible that GATA-2 regulates many other functions. Down-regulation of the GATA-2 gene would therefore disable all of those functions. This could well be a mechanism by which P. carinii survives in the host.
